



Molecular Magnetic Switches –  
Synthesis and Characterisation of Novel 




Von der Naturwissenschaftlichen Fakultät der 
Gottfried Wilhelm Leibniz Universität Hannover 
 
zur Erlangung des Grades 
 
Doktor der Naturwissenschaften 
Dr. rer. nat. 
 
 
genehmigte Dissertation von 
 
M. Sc. Christoph Krüger 





























Referent: Prof. Dr. Franz Renz 
Korreferent: Prof. Dr. Ralf Sindelar 
Tag der Promotion: 25.02.2016
 
 





Molecular Magnetic Switches – 
Synthesis and Characterisation of Novel  




















More than eight decades ago the spin crossover phenomenon was discovered and is 
now attractive for the design of novel functional switchable materials. A spin 
crossover can occur in iron coordination compounds and also be induced by 
temperature, pressure or light. The switching properties offer a variety of 
opportunities in the development of magnetic materials for potential applications 
such as temperature and pressure sensors, as well as optical devices. 
The major part of this dissertation is devoted to the synthesis and characterisation of 
novel mononuclear Fe
III






] involving a 
pentadentate Schiff base ligand (L
5
), as well as a sixth easy replaceable  
monomer (L
1
). Two pentadentate Schiff base families have been developed to a 
series of novel thermal-induced spin crossover compounds. Investigations on 
structure-magnetism relationships were performed as well. The greatest achievement 
in this class of complexes is the adjustment of the transition temperature by using 
specific monomers. It is shown that thiocyanate and selenocyanate monodentate 
ligands offer a possibility in tuning the transition temperature, providing that the 
structure is equal. Further compounds exhibit gradual spin crossover either near 
room temperature or hysteretic behaviour at around 100 K.  
Further results of this thesis were achieved through investigation of chiral bimetallic 
square complexes. Crystal structures provide unusual cyanide-bridge geometry of 
Ni-N≡C with an astonishing acute angle which is unique to our state of knowledge in 
molecular assemblies. The research of those novel functional systems reflects a 
modern trend in molecular materials science. Such systems might find applications in 
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Seit der Entdeckung des Spin-Crossover-Phänomens vor mehr als acht Jahrzehnten 
wurden im Laufe der Zeit äußerst vielversprechende Erkenntnisse in der 
Entwicklung neuer funktionaler schaltbarer Materialien erzielt. Spin-Übergänge 
werden überwiegend in Eisen-Koordinationsverbindungen beobachtet und können 
unter anderem durch Temperatur-, Druck- oder Lichteinflüsse induziert werden. 
Diese schaltfähigen Eigenschaften bieten zahlreiche Möglichkeiten in der 
Entwicklung von Temperatur- und Drucksensoren, sowie optischen Materialien.  
Der größte Teil dieser Dissertation befasst sich mit der Synthese und 









], welche sich aus einem Pentadentat-Schiff-Base-Ligand (L
5
) und einem 
in sechster Koordination einfach austauschbarem Monomer (L
1
) zusammensetzen. 
Zwei Pentadentat-Schiff-Base-Familien wurden für die Entwicklung einer Anzahl 
neuer thermisch-induzierter Spin-Crossover-Verbindungen hergestellt und auf 
strukturelle und magnetische Eigenschaften untersucht. Eine Erkenntnis dieser Arbeit 
ist die Steuerbarkeit der Übergangstemperatur mittels spezifischer Monomere. Es hat 
sich gezeigt, dass die Co-Liganden Thiocyanat und Selenocyanat eine geeignete 
Möglichkeit bieten, um die Übergangstemperatur bei gleicher Kristallstruktur 
einzustellen. Weitere Spin-Crossover-Verbindungen zeigen einen Übergang nahe 
Raumtemperatur oder eine Hysterese im Bereich von 100 K.  
Weitere Erkenntnisse dieser Arbeit wurden durch Untersuchungen neuer chiraler 
bimetallischer quadratischer Ni-Fe Komplexe gewonnen. Strukturanalysen von 
Einkristallen zeigen eine ungewöhnliche Cyanid-verbrückende Geometrie von  
Ni-N≡C mit einem erstaunlich scharfen Winkel auf, der nach unserem Kenntnisstand 
einzigartig auf der molekularen Ebene ist. Das Entwickeln solch neuer funktionaler 
Systeme spiegelt einen modernen Trend in der molekularen Materialwissenschaft 
wieder. Mögliche Anwendungen können diese Systeme in Wasserstoffspeicher, als 





Stichwörter: Molekulare Schalter · Eisen(III)-Koordinationsverbindungen · Spin-Crossover 
· Schiff‘sche Base · Ligandendesign · Pseudohalid · Square-Komplex 
VI Danksagung 
Danksagung 
Mein Dank gilt zunächst meinem Doktorvater, Herrn Prof. Dr. Franz Renz, der es 
mir ermöglichte Forschungen in dem von mir gewünschten Feld vorzunehmen. Mit 
seiner Unterstützung war es mir möglich sowohl an der Tsukuba University in Japan 
zu studieren als auch an der Stanford University in den USA für meine Dissertation 
zu forschen. 
Herrn Prof. Dr-Ing. Ralf Sindelar von der Hochschule Hannover danke ich für die 
Übernahme des Korreferats. Bei Herrn Prof. Dr. Jens-Uwe Grabow vom Institut für 
physikalische Chemie der Leibniz Universität Hannover bedanke ich mich für die 
Übernahme des Prüfungsvorsitzes. 
Besonders hervorheben möchte ich auch unsere Kooperationspartner,  
Herrn Prof. Dr. Roman Boča und Herrn Dr. Lubor Dlhan von der Slovak University 
of Technology in Bratislava, für ihre Unterstützung mit magnetischen Messungen 
und der hervorragenden Zusammenarbeit an Publikationen.  
Meine ereignisreiche und wertvolle Doktorandenzeit verdanke ich dem gesamten 
Arbeitskreis Renz. Durch unsere fachlichen Diskussionen konnte ich meinen 
Horizont in vielen Bereichen erweitern. Ihr wart mir jedoch nicht nur Kollegen, 
sondern wurdet mir zu treuen Freunden. Ich erinnere mich sehr gerne an unsere 
gemeinsamen Unternehmungen und zwar ganz besonders an die stets lustigen 
Abende, die wir gemeinsam mit Speis, Trank und Gesang im Sozialraum 
verbrachten. Vielen Dank an Bastian Dreyer, Lars Heyer, Dr.  Patrick Homenya, 
Moritz Jahns, Stephen Klimke, Emi Lagerspets, Torben Meyer mit Lasse, Annika 
Preiss, Daniel Unruh und Dagmar Wengerowsky. 
Meinen HiWis Stephen Klimke und Annika Preiss und den Gaststudenten Heather 
Cavers, Joseph Dey und Jana Ockova mit Unterstützung des DAAD RISE danke ich 
für die Hilfe bei wichtigen Synthesearbeiten. 
Außerdem bedanke ich mich bei allen Studenten, die ich während Ihrer 
Bachelorarbeit betreuen durfte. Ich wünsche Stephen Klimke, Annika Preiss, Arthur 
Lysov, Marina Vellguth, Piotr Wemhoff und Christopher Hinse alles Gute für Ihre 
Zukunft. 
Danksagung VII 
Nicht unerwähnt sollen unsere chemisch-technischen Assistentinnen Dagmar Grüne 
und Kirsten Eiben bleiben. Ohne Ihre Hilfe und Erfahrung wäre so manches 
Praktikum sehr viel schwieriger verlaufen. 
Ich danke auch dem Sekretariat Birgitt Förster, Merle Feldt und Sonja Thiele für die 
hervorragende Arbeit. 
Ein besonderes Dankeschön möchte ich Herrn Prof. Dr. Hiroki Oshio aussprechen, 
der mir ein wirklich guter Freund geworden ist. Ich hatte eine unbeschreibliche Zeit 
in Japan. 
Außerdem danke ich Herrn Prof. Dr. Richard. N. Zare bzw. Dick für die großartige 
Erfahrung an der Stanford University. Seine Erfolge sind das Produkt seiner 
einzigartigen wissenschaftlichen Arbeit, die ich sehr bewundere. 
Insbesondere möchte ich mich bei meiner mir stets für mich einstehenden Familie 
danken. Meine Eltern, Marita und Andreas Krüger, haben mich während meines 
gesamten Studiums emotional und finanziell unterstützt. Sie haben mich immer 
aufgefangen und mir ihr offenes Ohr geschenkt. Ohne ihre Förderung hätte ich es mit 
Sicherheit viel schwieriger gehabt. Danke auch an meine Schwester Denise Krüger.  
Zu guter Letzt bedanke ich mich bei Caroline Eickmeier. Ihre Unterstützung hat mir 













The presented results within this dissertation were achieved in the last four years 
during my work as scientific assistant at the Institute of Inorganic Chemistry of 
Gottfried Wilhelm Leibniz Universität Hannover in the group of Prof. Dr. Franz 
Renz. The studies were supported by Prof. Dr. Roman Boča and Prof. Dr. Hiroki 
Oshio. The main part of my thesis consists of three peer-reviewed articles and 
another already submitted manuscript written by me as the first author. They are 
dealing with the synthesis and characterisation of novel iron coordination 
compounds.  
Great thanks to all co-authors for the cooperation and support during the manuscript 
preparations.  
The first article in section 6.1 deals with the synthesis and characterisation of novel 
Fe
III









]. The first salpet complex family has been synthesised and 
characterised by myself. I performed single-crystal X-ray diffraction measurements 
in the group of Prof. Dr. Hiroki Oshio from Tsukuba University and partly with  
Dr. Michael Wiebcke from Leibniz Universität Hannover. Magnetic measurements 
were carried out in the Oshio group by me and additional calculations by  
Prof. Dr. Boča from Slovak University of Technology in Bratislava. The latter napet 
family has been synthesised and characterised by Prof. Dr. Roman Boča and Peter 
Augustin. 
The article in section 6.2 is devoted to extended results of the previous work which 
provide a deeper understanding of structure-magnetism relationships within the 
salpet family. Preparation of four iron complexes was performed half by Peter 
Augustin and his colleagues and half by me. The single-crystal X-ray diffraction 
measurements were carried out by me with the help of Fabian Kempf from Leibniz 
Universität Hannover and Dr. Ivan Nemec from Palacky University in Czech 
Republic. Prof. Dr. Roman Boča and Dr. Lubor Dlhan performed magnetic 
measurements and calculations.  
The submitted manuscript in section 6.3 presents novel salpet compounds including a 
spin crossover complex that exhibit a hysteresis. Preparations and characterisations 
of the compounds were mainly performed by me with the help of Annika Preiss and 
Daniel Unruh from Leibniz Universität Hannover. Magnetic measurements have 
been carried out and fitted by Prof. Dr. Roman Boča and Dr. Lubor Dlhan. 
Preface IX 
The last presented article in section 6.4 introduces a novel polycano building block 
which forms a tetranuclear Ni-Fe square complex with unusual cyanide bridges. The 
work was performed in the Oshio group by me. Preparations and characterisations 
involving single-crystal X-ray diffraction and magnetic measurements were carried 
out by me and were supervised by Dr. Takuya Shiga, Dr. Graham N. Newton and  
Dr. Takuto Matsumoto. 
Further non published results gained within the scope of this thesis are given in the 

















X Table of Contents 
Table of Contents 
1 Introduction ............................................................................................................ 1 
2 Spin Crossover Phenomenon ................................................................................. 5 
2.1 Historical Overview ....................................................................................... 5 
2.2 Thermal-Induced Spin Crossover .................................................................. 6 
3 Mononuclear Iron Spin Crossover Compounds ................................................... 11 
3.1 Schiff Base Ligands ..................................................................................... 11 
3.2 Pentadentate N3O2-Donating Schiff Base Complexes ................................. 12 
4 Multinuclear Iron Spin Crossover Compounds .................................................... 17 
4.1 Multinuclear Complexes with Pentadentate Schiff Base Ligands ............... 17 
4.2 Reaction Mechanism in Multinuclear Spin Crossover Complexes ............. 20 
4.3 Cyanide-Bridged Molecular Square Complexes .......................................... 21 
5 Multifunctional Spin Crossover Materials and Potential Applications ................ 25 
5.1 Electrical Conductivity and Spin Crossover Properties ............................... 25 
5.2 Liquid Crystals and Spin Crossover Properties ........................................... 26 
5.3 Functional Porous Spin Crossover Materials ............................................... 26 
5.4 Potential Applications for Spin Crossover Materials ................................... 27 
References .................................................................................................................. 29 
6 Results and Discussion ......................................................................................... 41 
6.1 Spin Crossover in Iron(III) Complexes with Pentadentate Schiff Base 
Ligands and Pseudohalido Coligands .......................................................... 41 
6.2 Iron(III) Complexes with Pentadentate Schiff-Base Ligands: Influence of 
Crystal Packing Change and Pseudohalido Coligand Variations on Spin 
Crossover ..................................................................................................... 57 
6.3 Hysteretic Spin Crossover in a Mononuclear Iron(III) Complex with a 
Pentadentate Schiff Base Ligand and NCSe
-
 Coligand ............................... 67 
6.4 A Rectangular Ni-Fe Cluster with Unusual Cyanide Bridges ..................... 81 
7 Conclusion and Outlook ....................................................................................... 87 
Table of Contents XI 
 
8 Supplementary Information ................................................................................. 91 
8.1 Spin Crossover in Iron(III) Complexes with Pentadentate Schiff Base 
Ligands and Pseudohalido Coligands .......................................................... 91 
8.2 Iron(III) Complexes with Pentadentate Schiff-Base Ligands: Influence of 
Crystal Packing Change and Pseudohalido Coligand Variations on Spin 
Crossover ..................................................................................................... 96 
8.3 Hysteretic Spin Crossover in a Mononuclear Iron(III) Complex with a 
Pentadentate Schiff Base Ligand and NCSe
-
 Coligand ............................... 99 
8.4 A Rectangular Ni-Fe Cluster with Unusual Cyanide Bridges ................... 102 
9 List of Publications ............................................................................................ 107 

















The fulfilment of the highest demands of potential future applications is probably 
one of the strongest and also most inspiring driving forces in recent research. The 
design of novel functional materials that exhibit switchable features has attracted the 
interest of a large number of chemists and physicists for over more than eight 
decades. After the first discovery of the spin crossover (SCO) phenomenon - also 
known as spin transition (ST) - by Cambi et al. in the early 1930s the development of 
switchable molecular materials increased rapidly.
1–3
 Their investigations opened the 
door to a diverse research area in coordination chemistry. In 1999, the spin crossover 
has been defined by IUPAC as “a type of molecular magnetism that is the result of 
electronic instability caused by external constraints, which induce structural changes 
at molecular and lattice levels”.
4
 The possibility of switching between a diamagnetic 
low spin (LS) and a paramagnetic high spin (HS) state by external physical or 
chemical stimuli offers a huge variety of practical functions. Spin crossover has a 
high impact on the physical properties of the material including magnetism, colour, 
dielectric constant and electrical resistance. Several potential applications such as 
sensors, display and memory devices, electrical and electroluminescent devices, as 




Development efforts in the molecule design of novel switchable molecular materials 
are controlling the magnetic properties nowadays.
5
 From a chemical perspective, the 
preparation, as well as crystallisation plays an important role often involving 
challenging organic ligand synthesis. Although spin crossover can occur in any phase 
of matter, solid materials often show inter- and intramolecular cooperativity 
including short- and long-range interactions through the whole lattice. Due to the fact 
that these interactions go hand in hand with properties of crystals, the challenge 
remains the crystal engineering. Several switchable materials that also show 




Within the scope of this thesis, mononuclear Fe
III
 coordination compounds involving 
Schiff base ligands have been primarily investigated.
8–10
 Here, Schiff base and Schiff 
base-like ligands are gaining more and more attention due to their flexibility and they 
appear to be highly suitable for the design of simple spin crossover materials. 
2 Introduction 
Organic chemistry offers a variety of modified Schiff base ligands which can be 
easily modified for fine tuning the ligand field and magnetic properties. The ligands 
are usually classified into categories depending on available donor atoms. 
Mononuclear complexes in an octahedral sphere can contain, for example, a 
pentadentate ligand with a {N5, N3O2, N3S2, etc.} sphere, as well as a monodentate 
pseudohalide coligand. The easy replaceable coligand offers a further possibility for 
fine tuning the transition metal environment by varying anions of the 
spectrochemical series. Moreover, this type of mononuclear complexes is also a 
beneficial unit for the design of multinuclear clusters. Instead of the coligand, 
bridging units such as cyanide can serve as a connection between a metal centre and 
e.g. six monomers resulting in a star-shaped heptanuclear metal complex. This type 
of clusters can exhibit interesting magnetic properties due to the large number of 
metal ions. Renz et al. published the first star-shaped heptanuclear mixed-valence 
iron spin crossover complex in 2009,
11
 providing the fundamental idea for this thesis.  
Despite the benefits of star-shaped multinuclear cyanide-bridged Fe
III
 Schiff base 
complexes, this thesis deals also with the research of tetranuclear cyanide-bridged 
square compounds emerges from the possibility to create clusters in analogy to 
Prussian blue.
12





are bridged by cyanide showing ferromagnetic interaction.
13
 The cyanide bridge 
offers a valuable unit for the construction of molecular assemblies with magnetic and 
electronic interactions between neighbouring metal centres.
14
 Due to the physical 
properties in Prussian blue analogues including photomagnetism, spin crossover, and 
electrochromicity, possible uses in hydrogen storage, as molecular sieves, and in 
nanoscale devices have been suggested for various applications.
12
 Both the 
star-shaped cluster and the cyanide-bridged tetranuclear square complex can be 
considered as an analogous model of the infinite Prussian blue structure. Since the 
first studies on iron-copper high spin square complexes reported by Oshio et al. in 
1999,
15
 a great variety of cyanide-bridged homo- and heterometallic molecules have 
been prepared with an ongoing focus on applications as high-Tc magnetic 
materials,
16–19


















Within the presented work, a large number of novel mononuclear Fe
III
 complexes are 
presented and have been discussed in three publications.
8–10
 Two pentadentate ligand 
families (salpet, napet) have been developed to a series of novel thermal-induced 
spin crossover compounds. Investigations are focused within the salpet family on 
tuning the transition temperature by using specific monomers. The transition or 
critical temperature Tc varies in the temperature range from 90 to 326 K and the 
magnetic behaviour is either gradual or partial abrupt. In spite of the fact that the 
intermolecular cooperativity is usually rather weak in this class of compounds, 
hysteretic behaviour can occur within the salpet family. However, the obtained 
results provide new opportunities in the design of star-shaped heptanuclear 
complexes as well.  
The fourth presented publication in this thesis introduces two novel bimetallic 
rectangular Ni-Fe clusters with unusual cyanide bridges.
37
 Both enantiomeric square 
complexes exhibit ferromagnetic interactions between the nickel and iron ions and to 
our knowledge the most acute Ni-N≡C angle observed to date. The explored square 
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2 Spin Crossover Phenomenon 
2.1 Historical Overview  
In 1931, Cambi and Szegö from University of Milan published a couple of Fe
III
 
derivates with anomalous temperature-dependent magnetic properties for the first 
time.
1–3
 They discovered unknowingly a new type of transition metal coordination 
compounds with a fascinating phenomenon which has been developed further over 
almost nine decades and is known as spin crossover or spin transition.  
Between 1931 and the 1960s, in order of World War II, developments in the field of 
spin crossover stagnated. The further progress in the research of switchable 
mononuclear complexes started in the 1960s and can be labelled as “the renaissance 
in mononuclear spin crossover compounds”.
5
 In 1963, Ewald et al. followed by 
Figgis et al. reported new discoveries in the Fe
III
 family including the first 
pressure-induced spin crossover.
38,39





 which is nowadays one of the most intensively studied spin 
crossover compound.
40
 This discovery was followed by a rapid increase in the 
research of mononuclear complexes with N-donor ligands. At that time, Ivanov et al. 
reported on Fe
III
 complexes in a {N2S2O2} sphere exhibiting sharp and hysteretic 
magnetic behaviour.
41
 Subsequently, the first Fe
III
 spin crossover monomers 
containing a hexadentate {N4O2} or {N3O3} donor Schiff base ligand were 
studied,
42–45
 followed by an emerging interest in complexes with a mixed 
heterocyclic/pseudohalide (N) donor set. Nowadays, these type of ligands are still a 
promising candidate for future developments.
5
 







 spin crossover chemistry. Multinuclear complexes have the ability to 
show sequential or simultaneous, as well as multistep transitions and the metal ions 
can cooperate between each other. Researchers have been focused on magnetic 
interactions across bridging groups resulting in cooperativity and thermal hysteretic 




In 1987, the first dinuclear spin crossover complex was reported by Real et al. This 
was followed by trinuclear Fe
II
 complexes presented by Reedijk and Haasnoot et al. 
in which only the central ion shows a spin crossover with a weak cooperativity to 
                                                 
a
 phen: 1,10-phenanthroline 
6 Spin Crossover Phenomenon 
neighbouring atoms.
46–48
 The first tetranuclear 2x2 grid Fe
II
4L4 spin crossover 
complex, triggered by temperature, pressure and light, was published by Renz et al. 
in 2000.
49,50
 In 2009, Duriska et al. presented the first hexanuclear spin crossover 
nanoball containing six Fe
II
 ions in a {N6} sphere.
51
  
One of the latest developments in this area are investigations of spin crossover 
materials on the nanoscale.
52–60
 Today´s pursuit is to combine the spin crossover 
phenomenon with other physical or chemical properties, such as liquid-crystalline 
and gel behaviour, electric conductivity, fluorescence and porous properties.
6
 Up to 
now a variety of mono- and multinuclear spin crossover compounds have been 
discovered with an ongoing growth of interest on switchable molecular magnetic 
materials for future applications.
5
  
The large subject of spin crossover has been summarised and reviewed plenty of 
times. Among these, the three-book set from the Topics in Current Chemistry 
monograph series, edited by Gütlich and Goodwin published in 2004.
7
 In 2013, 
Halcrow extended this work as an editor of Spin Crossover Materials: Properties 
and Applications.
5
 Alongside the above-mentioned books, numerous reviews reflect 




2.2 Thermal-Induced Spin Crossover  
The occurrence of spin crossover in coordination compounds of transition metal ions 



















). For heavier 4d and 5d elements the ligand field 
energy increases notably in comparison to analogous 3d compounds. Therefore 4d 
and 5d metal complexes usually remain in the low spin state. Whether a compound 
exhibits the low or high spin state, corresponds to the distribution of electrons within 
the metal orbital energy levels that reveal the maximum (high spin, S = 5/2) and 
minimum (low spin, S = 1/2) number of unpaired electrons.
5,6
  
The electron distributions in d-orbitals of metal organic coordination compounds can 
be described by the crystal field theory (CFT) for one-electron systems and the 
ligand field theory (LFT) for many-electron systems. In an electronic field the 
d-orbital energy splits up into the energy higher antibonding eg and lower t2g subsets 
in an octahedral coordination sphere. The energy difference    between the two 
subsets is crucial to the spin crossover. If    is greater than the interelectronic 
repulsion energy P, the configuration of the central metal ion will be low spin. In 
Spin Crossover Phenomenon 7 
contrast, if     , the configuration will be high spin. Spin crossover can occur 
when    and   are similar       . In that situation,               can be in 
the order of the magnitude of the thermal energy          and a transition can be 
induced by external stimuli (T, p, hv, B).
63
 The temperature at which the two states of 
different multiplicities are present in the ratio 1:1 is known as transition or critical 
temperature Tc. The term          describes the dependence on the enthalpy, as 
well as the entropy due to the fact that the Gibbs energy at Tc is zero. The conversion 
from low to high spin is an entropy-driven reaction and with      and  
        the conversion proceeds spontaneously. The relation between the 
equilibrium constant K and T is given by the van’t Hoff equation with  
               . A plot of     vs 1/T is a linear relationship. The 
equilibrium constant K can be described by             with the mole fraction 
   of the high spin state as well.
64,65
  
The spin crossover from low to high spin (S = 1/2  5/2) in mononuclear Fe
III
 
systems in an octahedral sphere occurs with following changes of electron 
configurations:    
   
               
   
           . With a higher occupation 
of the more antibonding   -orbitals during the transition the metal-to-ligand bond 
distances (r(Fe-L)) increase resulting in a larger molecular volume (Figure 1).
6
 The 
high spin state is more populated with an increasing temperature while lowering the 
temperature favours the low spin state. 
A detailed theoretical model including the interelectronic repulsion and spin-orbit 
coupling of the magnetic behaviour in mononuclear Fe
III
 spin crossover complexes 




Figure 1. Potential well of the low spin (
2
T2g) and the high spin (
6




8 Spin Crossover Phenomenon 
Multinuclear compounds have the ability to show stepwise or simultaneous, as well 
as multistep transitions due to the fact that the number of energy levels increases 
with the number of nuclei. While the spin crossover in mononuclear complexes is 
associated with two minima (LS ≡ L and HS ≡ H) of the Gibbs energy, three spin 
pairs (LL, LH and HH) can occur in dinuclear complexes (assuming that the 
intermediate spin states and a difference between the LH and HL states can be 
ignored). In spite of the fact that the LH pair separates them by at least two energy 
gaps,    (LL/LH) with                and    (LH/HH) with 
              , it does not have to be between LL and HH. Including the 
magnetic exchange coupling, the HH level splits up into six (S = 0 - 5), LH into two 
(S = 2, 3) and LL into two (S = 0, 1) sublevels (Figure 2).  
 
 
Figure 2. Reference states in multinuclear spin crossover complexes and the corresponding  
sub-spin-multiplets for a dinuclear Fe
III
 system according to reference 65.  
 
Various theoretical investigations on dinuclear spin crossover compounds have been 
reviewed. Among these, Bousseksou et al. presented a simple formulation of the 
theoretical model system Hamiltonian which is an extension of the Ising-like model 
originally formulated for mononuclear systems.
66
 Also Boča et al. described a 
satisfying modelling for hysteretic and two-step transitions phenomena with three to 
six parameters and a change in theoretical efforts from reconstructions of Tc to the 
modelling of spatiotemporal evolution, clustering and critical phenomena of the spin 
crossover in a finite system.
67
 Within the scope of this thesis, the theoretical aspect 
will not be further discussed. Theoretical foundations on molecular magnetism were 
Spin Crossover Phenomenon 9 
published by Boča and the current state of research have been summarised by 
Halcrow.
5,68
   
One of the most challenging aspects in the development of mono- and multinuclear 
spin crossover materials with valuable properties is controlling the form of the 
transition. Five characteristic types of magnetic courses can occur (Figure 3): 
(i) gradual or (ii) abrupt, (iii) with or without hysteresis, (iv) in a single step or 
stepwise and (v) complete or inclompete.
5,63
 Temperature-dependent spin transitions 
can take place in crystalline and amorphous solid states, as well as in liquid 
solutions. In the latter case, the mole fraction    as a function of temperature follows 
a Boltzmann distribution law.
63
 In contrast, solid state materials often show 
interactions transmitted by intramolecular pathways, as well as intermolecular 
between the metal complexes including exchange couplings which could be either 
antiferromagnetic or ferromagnetic. For a full understanding of the cooperativity of a 
spin transition in solid materials, a detailed knowledge of each structure properties 
and differences between the low and high spin states is necessary.
5
 Due to the fact 
that the prediction of crystal structures and the correlating entropy is rather difficult 
in multinuclear systems the development of theoretical models still continues. 
 
Figure 3. Spin crossover can occur in five characteristic types of magnetic courses according to 
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3 Mononuclear Iron Spin Crossover Compounds 
3.1 Schiff Base Ligands 
Imines, also known as azomethines or Schiff bases, have been reported on first by 
the Italian naturalized chemist Hugo Joseph Schiff in 1864.
69,70
 The most common 
preparation for imines with the general formula R3R2C=NR1 arises by a reaction of 
an aldehyde or ketone with a primary amine. Schiff base ligands are valuable to form 
complexes with a large number of transition metal ions and many reports on their 
applications in biology or catalysis have been published over the past few years.
71
 
Spin crossover systems containing multidentate Schiff base-type ligands are one of 
the most widespread class used for the preparation of Fe
III
 spin crossover materials. 
Usually, they are classified into the number of donor atoms available for the 
coordination to the Fe
III
 ion. Di-, tri-, tetra-, penta- and hexadentate Schiff base-type 
complexes have been extensively reviewed by van Koningsbruggen et al. and 
Oshio et al. until 2007.
72,73
 Among these, the most spin crossover complexes have 
been observed in a pentadentate {N3O2} sphere including saldptm (or salten) in a 
pseudo-octahedral environment. Within the scope of this thesis, a pentadentate Schiff 
base ligand has been synthesised from a reaction of a variable diamino-aza 
compound with various salicylaldehyde derivatives (Figure 4). The following 
sections and publications introduce a number of spin crossover complexes containing 
the pentadentate H2salpet ligand (salpet family), as well as the H2napet derivative 
(napet family) whereas the latter is formed by a condensation of 
2-hydroxynaphtaldehyde with di(3-aminopropyl)amine.  
 
Figure 4. Scheme of the synthetic method for the preparation of a pentadentate H2L
5
 ligand derived 
from salicylaldehyde derivatives and a diamine. 
12 Mononuclear Iron Spin Crossover Compounds 
3.2 Pentadentate N3O2-Donating Schiff Base Complexes 
The first mononuclear Fe
III
 spin crossover compounds with a pentadentate Schiff 
base ligand were discovered by Matsumoto et al. in 1985.
42
 In their study, a series of 
six-coordinated Fe
III
 complexes were prepared with the {N3O2} donor ligand saldptm 
and different types of monodentate coligands (L
1
). They observed four high spin 
complexes (S = 5/2) with L
1
 = chloride, azide, imidazole, N-methylimidazole and a 
further low spin complex (S = 1/2) with L
1
 = cyanide in the temperature range from 
10 to 300 K. They discovered as well four compounds with L
1
 = pyridine, 
3-methylpyridine, 3,4-dimethylpyridine and 2-methylimidazole exhibiting a gradual 










 = chloride, 
2-methylimidazole, 3-methylpyridine, pyridine, 3,4-deimethylpyridine, cyanide are displayed 
according to reference 42. 
 
In 2004 this class of Fe
III
 complexes have been reviewed by van 
Koningsbruggen et al.
72
 Followed by a further summary of Oshio et al. in 2007.
73
 
The progress in the development of mononuclear Fe
III





]·Solv (X = substituent, L
1
 = pseudohalide coligand,  
Solv = solvent molecule) started by Salitros et al. in 2009.
75
 The Schiff condensed 
pentadentate ligand (H2salpet) is derived from the reaction of an asymmetric 





(MeBu-salpet)Cl] exhibiting only high spin 
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behaviour, as well as [Fe
III
(salpet)CN]·MeOH which is in low spin state. Two years 
later, Nemec et al. investigated a series of novel mononuclear Fe
III
 Schiff base 
compounds and characterised them structurally and magnetically.
76
 Their work was 








(3MeO-salpet)(N3)] complexes are high spin up to room temperature, 
compounds with H2napet exhibit three different spin crossover phenomena: (i) from 
gradual and incomplete in [Fe
III
(napet)(NCS)]·CH3CN, (ii) to complete and 
relatively abrupt in [Fe
III
(napet)(NCO)] and (iii) abrupt with a thermal hysteresis in 
[Fe
III
(napet)(N3)]. The obtained results provide a fine tuning of Tc by different 
pseudohalide coligands L
1
 at the sixth labile coordination site which is still attractive 
for future studies. In comparison to previously reported spin crossover complexes 
with neutral monodentate ligands,
74




] family containing 
charged ligands (L
1
) shows cooperative interactions. According to the author, this 
could be explained by the asymmetric reduction of the aliphatic hydrocarbons of L
5
. 
The higher rigidity of the molecule may play an important role in this class of 
compounds as a possible consequence.
76
  
The first mononuclear spin crossover compounds containing the H2salpet ligand 
were discovered by Krüger et al. in 2013 (section 6.1).
8





(5Cl-salpet)(NCSe)] were in focus of our 
investigations. Both exhibit a gradual spin crossover (S = 1/2  5/2) at Tc = 280 and 
293 K and we pointed out that the solid-state cooperativeness is rather small in this 
class of compounds. Apart from that, we also described a couple of Fe
III
 spin 
crossover compounds containing naphthyl derivatives. One of them, 
α-[Fe
III
(L2)(NCS)], exhibit a hysteresis (S = 3/2  5/2) at Tc = 44, 40 K and 
[Fe
III
(L1)(NCS)] shows a gradual transition (S = 1/2  5/2) at Tc = 114 K.  
A few month later Herchel and Travnicek published their investigations about the 
influence of 5-aminotetrazole (Hatz) as a monodentate ligand within the salpet 
family.
77
 They synthesised and characterised four new high-temperature spin 
crossover compounds whereas the critical temperature Tc = 416 K could be 










compared the temperature Tmin at the point where the susceptibility starts to increase 
on heating (Table 1). In 2015, Krüger, Masarova and Nemec extended the series of 
mononuclear Fe
III
 Schiff base complexes.
9,78,79
 Masarova et al. reported on 
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[Fe
III
(3OEt-salpet)(NCS)] with an abrupt spin crossover at Tc = 84, 82 K and 
[Fe
III
(napet)(NCS)] with a gradual magnetic behaviour at Tc = 174 K. Krüger et al. 
published two novel complexes [Fe
III
(5Br-salpet)(N3)]·CH3OH (Tc = 143, 140 K) 
and [Fe
III
(5Br-salpet)(NCSe)] (Tc = 326, 317 K) with a small hysteresis and weak 
cooperative interactions (section 6.2). We also explained the difference of  







(5Br-salpet)(NCSe)] and the high spin complex 
[Fe
III
(5Br-salpet)(NCS)] which crystallises in a different space group. Furthermore, 





(napet)(NCX)]·Solv (X = S, Se) with different 
solvent molecules (Table 1). They found out that a stronger  
N-H···O hydrogen bond between the guest molecule and the amine group of the host 
molecule in [Fe
III
(napet)NCX] implies a higher value of Tc. Even though they found 
no apparent correlation of Tc with other parameters like the guest volume, host cavity 
or its dielectric constant, their results are promising due to the capability to tune the 
spin transition point Tc and propagate cooperative interactions in the occurrence of 
abrupt spin crossover with thermal hysteresis using different solvents.
79
 One of the 
latest discoveries within the salpet family is the Fe
III
 mononuclear complex 
[Fe
III
(3,5Cl-salpet)(NCSe)] exhibiting a hysteresis loop of 24 K at Tc = 123, 99 K 
which was published by Krüger et al. (section 6.3).
10
 On one hand the heating path 
shows a high cooperativity, on the other hand the cooling mode is rather gradual. 
Within the salpet family in mononuclear Fe
III
 spin crossover complexes with a 
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Table 1. Summary and comparison of the spin transition temperature Tc of mononuclear Fe
III
 
complexes containing an asymmetric (1,6-diamino-4-azahexane) pentadentate ligand napet 
(2-hydroxyacetonaphthone analogues) and salpet (salicylaldehyde derivatives).  
 Spin Tc (K) Reference Year 
Naphthyl Derivatives (napet family)  
[Fe(napet)NCS)]·CH3CN 1/2  5/2 151 Nemec et al.
76
 2011 
[Fe(napet)NCSe)]·CH3CN 1/2  5/2 170 Nemec et al.
76
 2011 
[Fe(napet)(NCO)] 1/2  5/2 155 Nemec et al 
76
 2011 
[Fe(napet)(N3)] 1/2  5/2 122, 117 Nemec et al.
76
 2011 
α-[Fe(L2)(NCS)] 3/2  5/2 44, 40 Krüger et al.
8
 2013 
[Fe(L1)(NCS)] 1/2  5/2 114 Krüger et al.
8
 2013 
[Fe(napet)(NCS)] 1/2  5/2 174 Masarova et al.
78
 2015 
[Fe(napet)(NCS)]·Butanone 1/2  5/2 84 Nemec et al.
79
 2015 
[Fe(napet)(NCS)]·DMF 1/2  5/2 232, 235 Nemec et al.
79
 2015 
[Fe(napet)(NCSe)]·DMF 1/2  5/2 244 Nemec et al.
79
 2015 
[Fe(napet)(NCS)]·DMSO 1/2  5/2 127, 138 Nemec et al.
79
 2015 
Salicyl Derivatives (salpet family)    
[Fe(5Cl-salpet)(NCS)] 1/2  5/2 280 Krüger et al.
8
 2013 
[Fe(5Cl-salpet)(NCSe)] 1/2  5/2 293 Krüger et al.
8
 2013 
[Fe(salpet)(atz)] 1/2  5/2 416 Herchel et al.
77
 2013 
[Fe(5Cl-salpet)(atz)] n. a. 334 (Tmin)* Herchel et al.
77
 2013 
[Fe(5Br-salpet)(atz)] n. a. 362 (Tmin)* Herchel et al.
77
 2013 
[Fe(3,5Br-salpet)(atz)] n. a. 370 (Tmin)* Herchel et al.
77
 2013 
[Fe(5Br-salpet)(N3)]·CH3OH 1/2  5/2 143, 140 Krüger et al.
9
 2015 
[Fe(5Br-salpet)(NCSe)] 1/2  5/2 326, 317 Krüger et al.
9
 2015 
[Fe(3OEt-salpet)(NCS)] 1/2  5/2 84, 82 Masarova et al.
78
 2015 
[Fe(3,5Cl-salpet)(NCSe)] 1/2  5/2 123, 99 Krüger et al.
10
 2016 
*Tc cannot be estimated from the magnetic data because it is shifted to values above 400 K. 
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4 Multinuclear Iron Spin Crossover Compounds 
4.1 Multinuclear Complexes with Pentadentate Schiff Base Ligands 
A couple of dinuclear and trinuclear complexes within the cyanide-bridged Fe
III
 
salpet family were summarized and discussed by Boča et al. in 2009.
65
 Therein they 
describe the interplay between the spin crossover phenomenon and its interference 
with the magnetic exchange interactions. Based on earlier results from Salitros et al., 
Boča presented two Fe
III
 dinculear complexes bridged by cyanide with a mixed spin 
behaviour.
75










 = salpet) 
shows a mixture of LL and LH states at low temperatures, as well as an 
antiferromagnetic interaction between the C-coordinated Fe
III
 in low spin (L) and the 
N-coordinated Fe
III
 in high spin (H) state. By increasing the temperature the HH state 











 = MeBu-salpet) exhibits a gradual spin crossover. At low temperatures the 
effective magnetic moment could present the LL pair as a ground state alone. 
However, the magnetization indicates a very strong asymmetric or  
eventually antisymmetric exchange.
65









 = salpet) exhibits a high spin molar 
fraction of 0.45 at 20 K and 0.75 at 300 K. The LH (= HL) state is close to the LL 
level and both are populated at low temperatures. The magnetic data of two 









 = saldptm (2) display 
both a HH behaviour over the whole temperature range. The fit parameters 
          and                  
   in (1) shows a ferromagnetic exchange 
coupling (     ) and the ground state is    . In contrast, the parameters 
         and                 
   in (2) indicate a change from a 
ferromagnetic coupling to antiferromagnetic (     ) by cooling which is explained 
by a more diffuse character of the Pt orbitals.
65
 
Moreover, Renz and his co-workers presented a high spin Schiff base dinuclear 
complex [(µ
2
-bpyO2){Fe(BuMe-salpet)}2](BPh4)2 with a {FeN3O2O´} sphere, 
bridged by a bidentate N-oxide ligand which is based on bipyridine.
80
 The observed 
cooperativity is rather weak and can be explained by the long distance (11.85 Å) 
between the two iron ions. 




 heterometallic system, [{Co(3EtO-salpet)}(μ-
CN){Fe(L
4
)(Cl)}], was found by Nemec et al. in 2013.
81
 The molecules form 1D 
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supramolecular chains in which each complex molecule is connected through 
intermolecular N-H--Cl hydrogen bonds. In spite of the fact that the magnetic data 
shows almost no exchange coupling between the Co
III
  low spin and Fe
III
  high spin 




A series of star-shaped multinuclear heterometallic complexes were also published 
by Renz et al. in 2009.
11,82,83





] shows a multiple spin transition between Fe
III
 in low spin as 
well in high spin state. Mössbauer results indicate a tautomerism of the Sn centre 
between Sn
IV
 at room temperature and a partial Sn
II







 reduce to Fe
II
 and vice versa.
82
 A further heptanuclear spin 









exhibits also a multiple spin transition between the Fe
III
 in high and low spin state. In 
contrast, all Fe
III




A particular attention is paid to a novel heptanuclear mixed-valence iron spin 
crossover complex reported by Renz et al.
11














 complexes which are linked by six cyanide 
bridges (Figure 6). While the diamagnetic Fe
II
 remains in the low spin state, the Fe
III
 
centres have the ability to switch thermally. The high-temperature limit of six 
uncoupled Fe
III
 centres with       is                   
        . The 
theoretical value is              and can be assigned to four high spin, as well as 
two low spin centres, reached at approximately 100 K (Figure 6). The magnetization 
             at 2 K was calculated for three high spin and three low spin states. 
The Mössbauer results show a 66 % high spin mole fraction at 78 K which is in 
agreement with the magnetic data. Theoretically, seven spin states might be possible: 
LLLLLL, LLLLLH, LLLLHH, LLLHHH, LLHHHH, LHHHHH and HHHHHH 
separated by six energy gaps   . For the first reference state (LLLLLL)  
     
magnetic energy levels and for the last one (HHHHHH)          magnetic 
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(salpet)}6]Cl2 spin crossover complex according to reference 11. Hydrogens and five 
salpet ligands are omitted for clarity. The Fe
III
 units switch sequentially by increasing temperature. 
 
Further three mixed-valence heptanuclear iron complexes with ferromagnetic 
interactions were reported by Salitros et al. in 2012.
84
 They presented three clusters 




 for (i) saldien, 
(ii) 3MeO-salpet and (iii) saldptm. Complex (i) and (ii) show similar magnetic 
behaviour, wherein all Fe
III
 are in high spin, as well as the central Fe
II
 in low spin 
state at all temperatures. The magnetic data for cluster (iii) show weak ferromagnetic 
interactions which were fitted by the Hamiltonian expression resulting in 
                   and       .84 At low temperatures the FeIII monomers are 
in low spin state which corresponds to thirty unpaired electrons. By increasing the 
temperature, the cluster indicates the presence of an either gradual and incomplete 
spin crossover or spin-admixing effect.
84
 
A multinuclear system containing one of the highest nuclear number within the 
salpet family has been published by Renz et al. in 2007.
85





















 complexes. Mössbauer measurements show a 
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completely high spin behaviour at room temperature which corresponds to the 
maximum spin multiplicity of        . At 20 K the cluster is partially both in high 
spin and in low spin state. According to the author, this dodecanuclear star-shaped 
compound with its ability to switch between ten and fifty unpaired electrons seems to 




4.2 Reaction Mechanism in Multinuclear Spin Crossover Complexes 





(saldptm)}8]Cl4 containing a central octacyano unit [Mo(CN)8]
4-
, as 







They proposed a concerted light-induced and a sequential thermal-induced 
mechanism which is displayed in the following scheme (Figure 7). According to the 
author, the thermal-induced spin crossover proceeds stepwise while each peripheral 
Fe
III
 ion changes from low to high spin state with a maximum spin multiplicity of 





induced by light stimulus (514 nm). This leads to a spin transition of seven peripheral 
Fe
III
 monomers which follow a concerted mechanism. Mössbauer measurements 
exhibit reversibility for both mechanisms.  
Depending on the type of external stimulus a different mechanism can be assumed 
resulting in stereospecific products. These mechanisms for multinuclear spin 
crossover compounds can be compared with reaction mechanisms which follow the 
Woodward-Hoffmann rules for organic molecules.
87
 Further investigations will be 
carried out by the Renz group to verify the suggested mechanisms. 
 
 
Figure 7. Scheme of a proposed mechanism for a light-induced concerted and  





(saldptm)}8]Cl4 according to reference 86. 
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4.3 Cyanide-Bridged Molecular Square Complexes 
Historically, the first cyanide-bridged molecular square complex was published by 
Schinnerling et al. for a Ti4 square in 1992.
88
 Oshio et al. found the first iron-copper 
high spin species in 1999.
15
 Since then, a variety of similar homo-, as well as 
heterometallic structures have been reported.
89
 The general design of molecular 
Prussian blue derivatives comprises a combination of solvated metal cations with 
cyanometalates. The geometry of the building blocks plays an important role for the 
cluster formation and the possibility to form cyanide bridges. A number of 











 However, at least one of two sub-units has to 
be capped to prevent its polymerisation. In addition, the capped metal ions should 
have at least two available cyanide ligands in cis position with an angle of 
approximately 90° between the coordination vectors to consider square 
cyanide-bridged molecules. A general scheme for the synthesis is displayed in  
Figure 8.  
 
Figure 8. Scheme of three different synthetic methods for cyanide-bridged square complexes. The 
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Open-shell transition metal square complexes were reviewed by Oshio et al. in 2011 
with a particular focus on their synthesis and physical properties.
12
 The review deals 








2] exhibiting a 




 across a cyanide bridge. 
With these two examples Oshio et al. proofed at first the isolated controllability of 
molecular squares by using only bpy
a
 as a capping ligand.
15
 Square  





 formed by a four-coordinated 




 ions have been investigated.
36
 
Clusters with solvated metal ions have been proven in hetereometallic 















 Following the scheme of Figure 8, diamagnetic squares 











) have been carried out.
101,102
 The first well investigated 




 exhibiting a 
two-step spin transition between LLLL  LLLH  LHLH in the temperature range 
from 2 to 400 K was published by Oshio et al. in 2005.
103
 They weakened the ligand 
field strength of the Fe
II
 centers by replacing the bpy ligand with tpa. As a result, the 
two opposite Fe
II
 of the [Fe(tpa)(NC)2] unit change their spin state by increasing the 
temperature.  
Within the scope of this thesis, two bimetallic rectangular Ni-Fe clusters with 
unusual cyanide bridges have been reported by Krüger et al. in  
2012 (section 6.4).
37












, as well as [Ni(L2
R/S
)] 




  For both squares ferromagnetic 
interactions between the nickel and iron ions have been observed. The 
cyanide-bridge geometry of Ni-N≡C with 104.8° (S-form) and 105.0° (R-form) is 
unusual and to our knowledge the most acute Ni-N≡C angle observed to date. 
Ni-N≡C angle in Ni-Fe assemblies are summarised in Table 2. The sharpest angle in 
any species was in a dinuclear nickel complex displaying angles of 111.2-112.9°.
104
   
                                                 
a
 bpy: 2,2´-bipyridine 
b
 meso- and racemic-(5,5,7,12,12,14-Hexamethyl-1,4,8,11-tetraazacyclo-tetradecane)Hydrate 
c
 tp*: hydrotris(pyrazol-1-yl)borate with dimethyl-derivatised pyrazole groups 
 
d
 tpa: tris(2-pyridylmethyl)amine 
e
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 complexes according to reference 105. 
Compounds Ni-Ncyano (Å) Ni-N≡C (°) J (cm
-1
) Reference 
NiFe-1D 2.103 170.6 3.869 Ni et al.
105
 
NiFe-1D-1 2.079 167.5 3.681 Ni et al.
105
 
NiFe-1D-2 2.165 163.3 3.641 Ni et al.
105
 
NiFe-1D-3 2.096 160 4.244 Ni et al.
105
 
NiFe-1D-4 2.11 169.1 9 Atanasov et al.
106
 
NiFe-1D-5 2.072 157.7 12.9 Panja et al.
107
 
NiFe2-1D-6 2.111 166.8 5.7 Costa et al.
108
 
NiFe2-1 2.096 160.2 6.4 Ni et al.
109
 
NiFe2-2 2.09 163.2 7.8 Ni et al.
109
 
NiFe2-3 2.066 173.2 8.9 Ni et al.
109
 
NiFe2-4 2.106 157 6.03 Ni et al.
109
 
NiFe2-5 2.039 165.4 2.68 Gu et al.
110
 
NiFe2-6 2.096 171.5 17.2 Wang et al.
111
 
NiFe2-7 2.096 150 1.3 Li et al.
112
 
NiFe2-8 2.049 169.8 7 Li et al.
112
 
NiFe2-9 2.156 153.8 1.2 Wang et al.
113
 
NiFe2-10 2.1 165.1 2.91 Wang et al.
114
 
NiFe2-11 2.054 159.6 4.1 Peng et al.
115
 
NiFe2-12 2.173 154.8 0.48 Kang et al.
116
 
Ni3Fe2-1 2.05 160.5 5.36 Van Langenberg et al.
117
 
Ni3Fe2-2 2.07 157.9 4.3 Berlinguette et al.
118
 
Ni3Fe2-3 2.054 164.3 3.3 Berlinguette et al.
118
 
Ni2Fe 1.998 176.5 8.62 Panja et al.
107
 
Ni2Fe3-1 2.124 148.8 2.1 Kou et al.
119
 
Ni2Fe3-2 2.06 168.85 4.84 Gu et al.
120
 
Ni3Fe 2.009 171.9 1.2 Yang et al.
32
 
Ni2Fe2-1 2.089 156.9 3.06 Panja et al.
107
 
Ni2Fe2-2 2.092 167.8 4.52 Liu et al.
121
 
Ni2Fe2-3 2.059 170.8 7.36 Liu et al.
121
 
Ni2Fe2-4 2.053 169.5 6.5 Li et al.
122
 
Ni2Fe2-5 2.053 172.8 10.12 Wu et al.
123
 
Ni2Fe2-6 2.074 176.3 4.26 Peng et al.
115
 
Ni2Fe2-7 2.073 178.2 4.18 Peng et al.
115
 
Ni2Fe2-8 2.075 163.2 6.4 Rodriguez-Dieguez et al.
36
 
Ni2Fe2-9 2.105 155.8 8.7 Toma et al.
124
 
Ni2Fe2-10 2.304 104.8 4.1 Krüger et al.
37
 
Ni2Fe2-10 2.017 170.2 7.1 Krüger et al.
37
 
Ni2Fe2-11 2.035 176.6 5.3 Li et al.
99
 
Ni4Fe4-1 2.02 177.4 5.5 Yang et al.
32
 
Ni4Fe4-2 2.035 178 6.6 Li et al.
125
 
Ni4Fe4-3 2.086 165.7 6.6 Zhang et al.
126
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5 Multifunctional Spin Crossover Materials and Potential 
Applications 
The development of multifunctional spin crossover materials is one of the research 
pursuits nowadays. The focus is particular on the combination of two or more 
different physical properties involving spin crossover phenomena, even perhaps a 
synergy between both. The current development of spin crossover applications is 
multidisciplinary and involves researches from a large number of fields such as 
inorganic, solid-state and quantum chemistry, condensed matter, statistical and 
photophysics, as well as nanotechnology.
60
 As a result, there are a lot of reviews to 
this broad topic.
61,128–137
 In this part of the thesis, the attention is paid to the 
combination of spin crossover phenomena with electrical conductivity, liquid 
crystals and porous materials based partly on the review by Gütlich et al. in 2005 and 




5.1 Electrical Conductivity and Spin Crossover Properties 
The preparation of hybrid materials - displaying metallic conductivity and 
ferromagnetic properties, as well as field-induced superconducting transitions - is 
still challenging.
139,140
 Those hybrid systems should be sensitive towards external 
stimuli by using spin crossover phenomena as a function of switching the electrical 
conductivity.
141–143
 For example, Oshio et al. presented two novel Fe
II
 complexes 







 exhibits reversible redox behaviour and 









 leads to the oxidised form 
[Fe(dppTTF)2][Ni(mnt)2]2(BF4)·PhCN.
b
 Involving the magnetic and resistivity data, 
this complex shows an interaction of the spin crossover and conductivity. Djukic and 





electropolymerises to a hybrid-conducting metallopolythiophene film.
145
 The hybrid 
spin crossover conducting metallopolymer shows temperature variable magnetic and 
electrical transport properties and displays fascinating variable temperature 
conductivity profiles. 
                                                 
a
 dppTTF: 1-{2-(1,3-dithiol-2ylinene)-1,3-dithiolyl}-2-{2,6-bis(1-pyrazolyl)pyridyl}-ethylene 
b
 mnt: maleonitriledithiolate 
c
 qsalH: N-(8-quinolyl)salicylaldimine 
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5.2 Liquid Crystals and Spin Crossover Properties 
Strategies to develop multifunctional materials exhibiting interplay between liquid 
crystal (metallomesogens) transitions and spin crossover have been reviewed by 
Gütlich et al. in 2009.
146
 There are two approaches in making metallomesogens: 
(i) spin crossover centres coordinated by ligands with long alkyl chains and (ii) using 
2D cyanide-bridged Hofmann-like clusters with long chain substituents on the 
pyridine ligands. For (i) non-Hofmann types with a synergy between liquid crystal 
transitions and spin crossover, Gütlich et al. described three classes: 
(I) metallomesogens with coupling between the spin state and liquid crystal phase 
transition, (II) metallomesogens with coexisting but uncoupled spin state and liquid 
crystal phase transition in the same temperature range and (III) metallomesogens 
with uncoupled spin states in a different temperature range.
146
 The latter type of 
cluster (ii) has been investigated by Gaspar et al.,
147
 who presented novel 2D 
heterometallic Fe
II










) cyanide-bridged Metal Organic 
Frameworks (MOFs) exhibiting spin crossover and liquid crystal properties. While 
some non-alkyl chain compounds exhibit an abrupt hysteretic spin crossover, the 
substituted analogues (C6, C12, C18) show broad and nonhysteretic magnetic 
behaviour explained by weaker cooperativity. 
 
5.3 Functional Porous Spin Crossover Materials  
According to the latest developments in physico-chemical properties of porous 
materials, today´s attention focuses on combining these properties with spin 
crossover effects. An increasing interest especially established in spin crossover 
MOFs as a promising candidate for chemical sensing devices such as quantitative gas 
sensors.
6,60,148–150
 This type of materials and their synthetic methods offer advantages 
in tuning of valuable properties like porosity or host-guest chemistry. Recently, 
Bartual-Murgui et al. presented [Fe(bpac)][Pt(CN)4]
a
 as a spin crossover MOF.
148
 
They had the ability to measure the absorption of guest molecules in a few hundred 
ppm by changing the refractive index which is sensitive to the spin state change. The 
selectivity is linked partly to the spin crossover phenomenon. As a consequence, 
there is no detection for small molecules with any influence on the ligand field.  
 
 
                                                 
a
 bpac: bis(4-pyridyl)acetylene 
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The research is focused on the development of functional porous coordination 
polymers. Those materials can provide functional microporous frameworks and are 
able to offer a high degree of selectivity and reversibility in guest-exchange 
chemistry or heterogeneous catalytic activity.
138
 The synthetic method for the 
construction of such systems is to connect spin crossover units by bridging rigid 
linear bis-monodentate ligands. The geometry of these units is crucial for the 
formation of 1D, 2D or 3D polymer systems including solvent molecules within the 
lattice.
21,151–161
 An inclusion or removal of guest molecules such as solvents as a 





5.4 Potential Applications for Spin Crossover Materials 
In order of the development of electrical devices and the ongoing scale down process 
for component sizes, the interest in relevant properties for practical applications of 
functional molecular materials increased over the last few decades. Highly sensitive 
and selective molecule-based devices can replace conventional solid-state materials 
which are limited in size reduction. This is the reason why the reproduction of 
traditional electronic functions or components such as memories, modulators, 
rectifiers, transistors, switches and wires on the molecular (or nano) level attracts the 
attention of researchers today.
162–169
  
The application possibilities for functional spin crossover materials were reviewed 
by Letard et al. in 2004,
170
 extended by Halcrow in 2013.
5
 A critical review was 
published also by Bousseksou et al. in 2011,
60
 dealing with chemical synthesis, 
physical properties, as well as theoretical aspects. Despite the applied development 
of such functional spin crossover materials there is still a gap towards practical 
applications. Compared to other classes of functional materials such as organic 
semiconductors or electro-optical materials, the control of thin film growth and 
patterning is still limited.
171
 Bousseksou et al. pointed out that further developments 
have to be done in (i) techniques for the formation of spin crossover nano-objects 
and controlling of the crystal growth at the nanoscale, (ii) single-particle 
spectroscopy for better determination of various properties, (iii) the investigation of 
the nucleation and growth process during thermal and optical excitation and 
(iv) addressable nanostructures for applications like gas sensors, displays, 
nano-thermometers, switchable photonic devices, etc.
60
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Nevertheless, promising materials such as thin films of Fe
II
tris-triazole 1D chains 




 have to be developed further.
172,173
 




 is also still a 

























                                                 
a
 pz: pyrazine 
b
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6 Results and Discussion 
6.1 Spin Crossover in Iron(III) Complexes with Pentadentate Schiff 
Base Ligands and Pseudohalido Coligands 
 
Christoph Krüger, Peter Augustín, Ivan Nemec, Zdenek Trávnícek, Hiroki Oshio, 
Roman Boča and Franz Renz 
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Renz, Spin crossover in Iron(III) Complexes with Pentadentate Schiff Base Ligands 
and Pseudohalido Coligands, 902-915, Copyright (2013), Wiley-VCH Verlag GmbH 
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Preface 
Novel Iron(III) mononuclear complexes involving pentadentate Schiff base ligands 
and chloride, azide, cyanide, cyanate, thiocyanate or selenocyanate coligands were 
reported in the present full paper published in the European Journal of Inorganic 
Chemistry in 2013. The obtained results were gained together in cooperation with 
Prof. Dr. Roman Boča and Peter Augustin from Slovak University of Technology in 
Bratislava. They designed six novel naphtyl derivative complexes with a 










)(NCS)] (2b), show a spin crossover from S = 3/2  5/2 at 
Tc = 42 K (1a) and from S = 1/2  5/2 at Tc = 114 K (2b). The author of this thesis 
designed five novel salicyl derivative complexes with a pentadentate ligand derived 




)(NCS)] (3d) and 
[Fe(L
3
)(NCSe)] (3e) exhibit a spin crossover both from S = 1/2  5/2 at Tc = 280 
(3d) and Tc = 293 K (3e). The results have been partly carried out in the group of 
Prof. Dr. Hiroki Oshio from Tsukuba University in Japan. 
All single-crystal X-ray measurements have been done partly by Prof. RNDr. Zdenek 
Travnicek and Dr. Ivan Nemec from Palacky University in Czech Republic, by the 
author of this thesis in the group of Prof. Dr. Hiroki Oshio and with the help of  
Dr. Michael Wiebcke from Leibniz Universität Hannover. 
Prof. Dr. Roman Boča, Dr. Ivan Nemec, Peter Augustin and the author of this thesis 
wrote the initial manuscript and refined it together with Prof. Dr. Franz Renz. 
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6.2 Iron(III) Complexes with Pentadentate Schiff-Base Ligands: 
Influence of Crystal Packing Change and Pseudohalido Coligand 
Variations on Spin Crossover 
 
Christoph Krüger, Peter Augustín, Lubor Dlhán, Ján Pavlik, Ján Moncol, Ivan 
Nemec, Roman Boča and Franz Renz  
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with pentadentate Schiff-base ligands: Influence of crystal packing change and 
pseudohalido coligand variations on spin crossover, 194-201, Copyright (2014). 
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Preface 
This work has been published as a full paper in Polyhedron in 2015. It deals with two 




)], which show a temperature induced 
incomplete spin crossover. The pentadentate ligand L
Br
 is gained from a Schiff base 
reaction and the coligand L
1
 varies from chloride, thiocyanate, selenocyanate and 




 as a coligand the transition temperature (326 K or 
317 K) is above room temperature and for the coligand N3
-
 at 143 K or 140 K (two 





 coligands remain in the high spin state over the whole temperature range. 
The complex [Fe(L
Br
)(NCS)] exhibit high spin behaviour whereas [Fe(L
Br
)(NCSe)] 




)(NCSe)] show a spin crossover 
(section 6.1). By comparison, [Fe(L
Br






)(Cl)] were synthesised by Peter Augustin 





)(NCSe)] were performed by the author of this thesis. 
Single-crystal X-ray diffraction measurements were carried out with the help of 
Fabian Kempf from Leibniz Universität Hannover and Dr. Ivan Nemec from Palacky 
University in Czech Republic. Magnetic measurements were carried out and 
analysed by Dr. Lubor Dlhan and fitted by Prof. Dr. Roman Boča. 
Prof. Dr. Roman Boča, Dr. Jan Pavlik and the author of this thesis wrote the initial 
manuscript which was refined together with Prof. Dr. Franz Renz. 
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6.3 Hysteretic Spin Crossover in a Mononuclear Iron(III) Complex with 








, Daniel Unruh, Annika Preiss, Ľubor Dlháň, Roman 
Boča, Fran  Ren 
 
ǂ These two authors contributed equally to this study. 
 




The revised manuscript has been already under submission and will be published in 
the early 2016. 
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Preface 
The present paper “Hysteretic Spin crossover in a Mononuclear Iron(III) Complex 
with a Pentadentate Schiff Base Ligand and NCSe
-
 Coligand” has been submitted 
already and will be published in the journal Inorganica Chimica Acta in early 2016. 
The publication deals with an extension of previous results. Eight novel Fe
III
 
complexes with the general formula [Fe(3,5-X-salpet)(anion)] containing an 
asymmetric pentadentate N3O2 Schiff base ligand with anion = Cl, NCS, NCSe, N3 
and X = Cl or Br are presented. All complexes exhibit high spin behaviour except 
[Fe(3,5-Cl-salpet)(NCSe)] which shows a cooperative spin crossover process in the 
range 70-130 K, with a hysteresis of ca. 24 K. Within the class of complexes 
including salpet ligands in mononuclear Fe
III
 spin crossover compounds with a 
pseudo-octahedral sphere, the observed loop is the widest so far. 
The complexes were synthesised by the author of this thesis, as well as partly 
analysed by A. Preiss, D. Unruh. Magnetic measurements have been carried out and 
fitted by Prof. Dr. Roman Boča and Dr. Lubor Dlhan.  
The manuscript has been written by Prof. Dr. Roman Boča, Dipl.-Chem. Lars Heyer 
and the author of this thesis. The refinements have been done together with 
Prof. Dr. Franz Renz. 
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1. Introduction 
Stimuli-responsive spin state switching of complex compounds – referred to as spin 
crossover (SCO) – has been a broad topic in the field of coordination chemistry 
[1-9]. First discovered by Cambi et al. in 1930 [10-12], this fascinating phenomenon 
gathered increasing interest over the last decades due to its potential for the 
miniaturization of electronic devices. In this case, the bottom-up approach of 
nanoscopic applications based on stimuli-responsive complexes has been discussed 
[13]. 





 configuration. For example, iron(III) complexes in an 
(pseudo-)octahedral ligand sphere exhibit a spin transition from its ground low-spin 
state (LS, S = 1/2) to an excited metastable high-spin state (HS, S = 5/2). This 
transition is followed by changes of the macroscopic material properties (e.g. color, 
magnetism, volume, etc.) and could be triggered chemically (e.g. solvents, ligand 
exchange, isomerization, etc.) as well as physically (e.g. temperature, light, pressure) 
[14]. The spin state switching can take place either gradually or abruptly. In addition, 
in some complexes intermolecular interactions lead to appearance of thermal 
hysteresis. As thermal propagation has been the most observed stimulus a transition 
temperature T1/2 with a LS/HS-ratio of 0.5 is defined as a significant parameter in 
spin crossover research [8].  
The spin transition characteristics are influenced by modification of the coordination 
sphere (e.g. ligand-changes, chemical substitutions, etc.). Good examples of such 
modifications have been observed in iron(III) coordination compounds containing 
pentadentate N3O2-donating Schiff base ligands (L
XY
) and a monodentate ligand (L
1
) 







has been discussed in recent years. Alongside a great number of mononuclear 
compounds multinuclear complexes containing up to twelve metal-centers have been 
investigated [15-35].  
In this work, we are reporting about mononuclear compounds of the type 










 with a novel 
pentadentate Schiff base ligand. The magnetic susceptibility is recorded, analyzed, 
and compared with the [Fe(5-X-salpet)(Y)] type complexes reported earlier [18, 21, 
22, 36].  
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2. Experimental 
The synthesis part is summarized with X = Cl or Br and Y = NCS, NCSe or N3. IR 
measurements in transmission were made with a Tensor-27 device from BRUKER.  
The magnetic data (temperature dependence of the magnetic susceptibility, and field 
dependence of the magnetization) was taken with a SQUID magnetometer (Quantum 
Design, MPMS-XL7) in the RSO mode of the data acquisition at BDC = 0.1 T. Raw 
data were corrected for the underlying diamagnetism and presented in the form of the 
temperature evolution of the effective magnetic moment, and the field dependence of 
the magnetization per formula unit.  
 
2.1. [Fe(3,5-X-salpet)(Cl)]: 
N-(2-aminoethyl)-1,3-propanediamine (10 mmol) and 3,5-dichlorosalicylaldehyde/ 
3,5-Dibromosalicylaldehyde (20 mmol) were dissolved in 120 cm
3
 methanol. The 
solution was boiled under reflux for 15 min, FeCl3∙6H2O (10 mmol) in 25 cm
3
 
methanol was added and further boiled for 1 h. After cooling in a fridge for 24 h, the 
product was filtered off and dried at room temperature.  
2.1.1. [Fe(3,5-Cl-salpet)(Cl)]: 
C19H17FeN3O2Cl5 yield 4.2 g (76 %), (M = 552.48 g/mol) Calculated: C, 41.31 %; H, 
3.10 %; N, 7.61 %; C/N, 5.43. ESI-MS: [Fe(3,5-Cl-salpet)]
+
: Calculated = 516.9389 
g/mol; Found: 516.8966 g/mol. IR (Tr): v(N-H) = 3260 cm
-1
, v(C-H) = 2901 cm
-1
, 




C19H17FeN3O2ClBr4 yield 3.72 g (51 %), (M = 730.28 g/mol) Calculated: C, 31.25 
%; H, 2.35 %; N, 5.75 %; C/N, 5.43. ESI-MS: [Fe(3,5-Br-salpet)]
+
: Calculated = 
694.7357 g/mol; Found: 694.6833 g/mol. (IR (Tr): v(N-H) = 3050 cm
-1
, 
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2.2. [Fe(3,5-X-salpet)(Y)]: 
KY/NaN3 (0.42 mmol) was dissolved in 30 cm
3
 methanol and added to a solution of 
[Fe(3,5-X-salpet)(Cl)] (0.4 mmol) in 100 cm
3
 methanol. The mixture was stirred in 
an ultrasonic bath for 5 minutes and filtered afterwards. Single crystals were obtained 
by slow evaporation in a beaker at room temperature.  
2.2.1. [Fe(3,5-Cl-salpet)(NCS)]: 
C20H17FeN4O2Cl4S yield 0.2 g (85 %), (M = 575.11 g/mol) Calculated: C, 41.77 %; 
H, 2.98 %; N, 9.74 %; C/N, 4.29. Found: C, 41.49 %; H, 2.91 %; N, 9.56 %; C/N, 
4.34. IR (Tr): v(N-H) = 3265 cm
-1
, v(C-H) = 2902 cm
-1
, v(NCS) = 2036 cm
-1
, 




C20H17FeN4O2Cl4Se yield 0.2 g (82 %), (M = 621.99 g/mol) Calculated: C, 38.62 %; 
H, 2.75 %; N, 9.01 %; C/N, 4.29. Found: C, 38.71 %; H, 2.64; N, 9.05 %; C/N, 4.78. 
IR (Tr): v(N-H) = 3266 cm
-1
, v(C-H) = 2904 cm
-1
, v(NCSe) = 2037 cm
-1
, 




C19H17FeN6O2Cl4 yield 0.19 g (83 %), (M = 559.03 g/mol) Calculated: C, 40.82 %; 
H, 3.07 %; N, 15.03 %; C/N, 2.72. Found: C, 40.77 %; H, 2.96 %; N, 14.91 %; C/N, 
2.73. IR (Tr): v(N-H) = 3244 cm
-1
, v(C-H) = 2903 cm
-1
, v(N3) = 2085 cm
-1
, 




C20H17FeN4O2Br4S yield 0.13 g (42 %), (M = 752.91 g/mol) Calculated: C, 31.91 %; 
H, 2.28 %; N, 7.44 %; C/N, 4.29. Found: C, 31.51 %; H, 2.23 %; N, 7.03 %; C/N, 
4.48. IR (Tr): v(N-H) = 3243 cm
-1
, v(C-H) = 2926 cm
-1
, v(NCS) = 2036 cm
-1
, v(C=N) 
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2.2.5. [Fe(3,5-Br-salpet)(NCSe)]: 
C20H17FeN4O2Br4Se yield 0.13 g (40 %), (M = 799.80 g/mol) Calculated: C, 30.03 
%; H, 2.14 %; N, 7.01 %; C/N, 4.28. Found: C, 30.25 %; H, 2.18 %; N, 6.35 %; C/N, 
4.76. IR (Tr): v(N-H) = 3246 cm
-1
, v(C-H) = 2909 cm
-1
, v(NCSe) = 2038 cm
-1
, 




C19H17FeN6O2Br4 yield 0.13 g (44 %), (M = 736.85 g/mol) Calculated: C, 30.97 %; 
H, 2.33 %; N, 11.41 %; C/N, 2.71. Found: C, 30.88 %; H, 2.41 %; N, 11.41 %; C/N, 
2.71. IR (Tr): v(N-H) = 3241 cm
-1
, v(C-H) = 2928 cm
-1
, v(N3) = 2084 cm
-1







Fig. 1. Sketch of the pentadentate ligands 3,5-Cl-salpet, 3,5-Br-salpet (X = Cl or Br) 
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3. Results and discussion 
The magnetic data for complexes showing a thermally induced spin crossover 
(Fig. 2) was analyzed by using Ising-like model with vibrations (equivalent to the 
thermodynamic regular solution model) [37] yielding the enthalpy H and entropy 
S of the spin transition along with the critical temperature Tc and the solid-state 
cooperativeness . These data are presented in Table 1 and compared with the 
literature data for similar systems.  
 
T/K















Fig. 2. Temperature dependence of the effective magnetic moment for [Fe(3,5-Cl-
salpet)(NCSe)], 1, in the heating/cooling regime (M = 661.1 g mol
-1
). Lines - fitted 
with parameters: gLS = 3.15(9), gHS = 2.06(2), energy gap E/kB = 249(17) K, 
cooperativeness /kB = 153(5) K, effective mode L = 215(8) cm
-1
, L/H = 1.20 in 
the heating direction (R = 0.14), and /kB = 91(3) K, L = 217(2) cm
-1
 in the cooling 
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)(NCSe)]  123 
↑
 2.03 17.6 153 This work 
 99 
↓
 2.03 20.6 91 This work 
[Fe(L
Cl












)(N3)]·MeOH  142 1.64  11.5  76  Krüger 2015 
[36] 
[Fe(salpet)(atz)] 416 15.3 36.8 284 Herchel 2013 
[22] 
[Fe(5Cl-saldptn)py]BPh4 78 0.44 5.61  63 Boča 2000 [15] 
[Fe(3MeO-
saldptn)py]BPh4 
273 4.54  16.6  90 Boča 2000 [15] 
[Fe(saldptn)py]BPh4 310 5.42 17.5  150 Boča 2000 [15] 




 0.98 11.8 90 Masárová 2015 
[38] 
[Fe(napet)(NCS)] 174 3.08  17.1  135 Masárová 2015 
[38] 
[Fe(napet)(NCS)]·MEK  84    Nemec 2015 
[21] 




    Nemec 2015 
[21] 




    Nemec 2015 
[21] 
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[Fe(napet)(NCSe)]·DMF  244     Nemec 2015 
[21] 
[Fe(napet)(NCS)]MeCN 151 1.92  12.5  87 Nemec 2011 
[20] 
[Fe(napet)(NCO)] 155 2.54  16.3  102 Nemec 2011 
[20] 
[Fe(napet)(NCSe)]MeCN 170 2.29  13.3  99 Nemec 2011 
[20] 




 1.53  11.2  99 Nemec 2011 
[20] 
a
 Abbr. for ligands: LX = 3-X-salpet and LXX = 3,5-X-salpet, saldptn = N,N'-bis(2-
hydroxybenzyliden)-1,7-diamino-4-azaheptane, napet = N,N’-bis(2-hydroxynaphthylidene)-1,6-
diamino-4-azahexane, Hatz = 5-aminotetrazole. 
*
 - spin crossover between spins 3/2  5/2.  
 
The complex 1 shows typical features of the spin crossover between the low-spin  
(S = 1/2, LS) and the high-spin (S = 5/2, HS) states. At the lowest recorded 
temperature the effective magnetic moment adopts a value of eff = 2.8 B which 
indicates that gLS ~ 3 is much higher relative to the spin-only value (eff = 1.7 B for 
ge = 2.0). This value is retained until 100 K when an increase followed by a jump 
into the high-spin state is observed. The spin crossover proceeds in a narrow interval: 
T
↑
(onset) = 118 K and T
↑
(complete) = 136 K. In the HS-state the value of  
eff = 6.0 B matches the spin-only value. On cooling down a thermal hysteresis is 
observed. However, the cooling path is more gradual with T
↓
(onset) = 115 K and  
T
↓
(complete) = 54 K.  
The asymmetry of the hysteresis loop causes an obstacle for the data fitting. The 
regular solution model with cooperativeness and/or Ising-like model with vibrations 
can be applied only for the case of rectangular walls of the hysteresis loop. The 
angled walls can be reproduced by an extended model with Gaussian distribution of 
the cooperativeness [37, 39]. In the present case the heating path and the cooling path 
were fitted independently [40], giving rise to two distinct cooperativeness,  

↑
 = 153 K and 
↓










/kB = 99 holds true.  
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A comparison of the spin crossover behavior for three related NCSe
-
 containing 
complexes is given in Fig. 3. It can be seen that the passage from the bisubstituted 
ligand L
ClCl
 to monosubstituted one L
Cl
 rises the transition temperature substantially 
but the hysteretic behavior disappears because the cooperativeness is incapable of 
compensating a substantial increase of H.  
T/K

















Fig. 3 (color online). Comparison of spin crossover in [Fe(L
X
-salpet)] type 
complexes with a varied pentadentate Schiff-base ligand L
X
-salpet (X = 3-Cl, 3-Br, 




Five high-spin complexes [Fe(3,5-Cl-salpet)(N3)], [Fe(3,5-Cl-salpet)(NCS)], 
[Fe(3,5-Br-salpet)(NCS)], [Fe(3,5-Br-salpet)(NCSe)], and [Fe(3,5-Br-salpet)(N3)] 
display the effective magnetic moment that is constant down to T = 20 K and then it 
drops down as an effect of the zero-field splitting for Fe(III) centre (see Electronic 
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4. Conclusion 
Of seven complexes of the [Fe(3,5-X-salpet)(Y)] type, with a pentadentate Schiff 










, six are 
high-spin over the whole temperature interval. The complex [Fe(3,5-Cl-
salpet)(NCSe)] shows a thermally induced spin crossover between Tc
↑
 = 123 K 
(warming) and Tc
↓
 = 99 K (cooling) with a hysteresis width of T = 24 K. The 




/kB = 123 K causes an 




/kB = 99 results in rather 
gradual transition. An analogous monosubstituted complex [Fe(3-Cl-salpet)(NCSe)] 
exhibits a room-temperature switching with Tc = 293 K but the cooperativeness of 
  = 197 K is incapable to induce the thermal hysteresis.  
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6.4 A Rectangular Ni-Fe Cluster with Unusual Cyanide Bridges 
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Preface 
The present communication “A rectangular Ni-Fe cluster with unusual cyanide 
bridges” was published in Dalton Transaction in 2012. The work was performed in 
cooperation with the group of Prof. Dr. Hiroki Oshio in Tsukuba, Japan and deals 
with a novel asymmetric polycyanide iron complex, K2[Fe
III
(L1)-(CN)4](MeOH) 
(HL1 = 2,2´-(1H-pyrazole-3,5-diyl)bis-pyridine), and two kinds of enantiomeric 
nickel-iron squares {[Ni(L2
R/S
)]2[Fe(L1)(CN)4]2}·6H2O·2MeOH. The heterometallic 
nickel-iron rectangular molecule with Ni-NC-Fe bridges compromises two nickel 
ions, two chiral ligands and two tetracyanoferrate moieties. The nickel ion has an 





 = N-(2-pyridylmethylene)-(R/S)-1-phenylethylamine). 
Interestingly, the cyanide bridge between Ni und Fe ions shows an Ni-N-C angle of 
105.0(3)° in the R-form and 104.8(3)° in the S-form. Magnetic measurements were 
collected in the range of 1.8-300 K. The values are larger than the expected for the 
sum of the uncorrelated spins of two Ni(II) and two Fe(III) ions. The data suggests 
that ferromagnetic interactions between nickel and iron ions are operative through 
the cyanide and pyrazolate bridges. 
The work was performed by the author of this thesis and was supervised and 
supported by Dr. Takuya Shiga, Dr. Graham N. Newton, Dr. Takuto Matsumoto, as 
well as Hiroki Sato. The analysis of the single-crystal X-ray diffraction 
measurements and magnetic data were carried out with the help of Dr. Takuto 
Matsumoto and Dr. Takuya Shiga. Dr. Takuya Shiga and the author of this thesis 
wrote the initial manuscript which was refined with Prof. Dr. Franz Renz and Prof. 
Dr. Hiroki Oshio.  
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7 Conclusion and Outlook 
The presented dissertation deals with investigations on structural and magnetic 
properties of novel Fe
III
 coordination compounds. The first part is devoted to the 







containing a pentadentate Schiff base ligand (X-salpet), as well as an easy 
replaceable pseudohalide coligand (L
1
). Within the scope of this thesis, the 
investigations were focused on numerous modified pentadentate Schiff base ligands: 
3Cl-salpet, 3Br-salpet, 5F-salpet, 5Cl-salpet, 5Br-salpet, 3,5Cl-salpet, 3,5Br-salpet 
and 3Br5Cl-salpet. These pentadentate ligands have been further developed with 
various monodentate coligands (L
1
 = chloride, cyanate, azide, thiocyanate, 
selenocyanate, cyanide) to a series of novel Fe
III
 mononuclear complexes. Coligands 
from the spectrochemical series provide an advantage for a qualitative estimation of 
electronic strengths and they can also be easily replaced at the sixth coordination site 
by stronger monomers in methanol solution. Based on previous investigations by 
Renz, Boca and co-workers,
1a
the work was inspired by the possibilities of fine tuning 
the magnetic properties by ligand modifications and the development of further 
knowledge in structure-magnetism relationships within the salpet family. 
For fine tuning the magnetic properties, a large number of magnetic measurements 
were carried out and both high or low spin, as well as spin crossover compounds 
have been observed within the salpet family. On one hand chloride and cyanate 
coligands result in high spin complexes and on the other hand cyanide monomers 










(5Br-salpet)NCSe] show a gradual spin crossover and are summarised in Table 
1 (section 3.2). A further spin crossover complex [Fe
III
(5Cl-salpet)N3] with  
Tc ≈ 150 K has not been published yet. Within the salpet family, a spin transition 
seems the most likely for compounds involving azide, thiocyanate or selenocyanate 





(5Cl-salpet)NCSe] exhibit spin 
                                                 
1
 a) Renz, F.; Hill, D.; Klein, M.; Hefner, J. Polyhedron 2007, 26 (9–11), 2325–2329. b) Renz, F.; 
Jung, S.; Klein, M.; Menzel, M.; Thünemann, A. F. Polyhedron 2009, 28 (9-10), 1818–1821. c) 
Nemec, I.; Boča, R.;  embick , M.; Dlháň, L.; Herchel, R.; Ren , F. Inorganica Chim. Acta 2009, 
362 (13), 4754–4759. d) Renz, F.; Zaba, C.; Roßberg, L.; Jung, S.; Klein, M.; Klingelhöfer, G.; 
Wünsche,  a.; Reinhardt, S.; Menzel, M. Polyhedron 2009, 28 (9-10), 2036–2038. e) Boca, R.; 
Salitros, I.; Kozísek, J.; Linares, J.; Moncol, J.; Renz, F. Dalton Trans. 2010, 39 (9), 2198–2200. f) 
Šalitroš, I.; Boča, R.; Herchel, R.; Moncol, J.; Nemec, I.; Ruben, M.; Ren , F. Inorg. Chem. 2012, 
51 (23), 12755–12767. 
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transition at 280 and 293 K with     = 13 K and [Fe
III
(5Br-salpet)NCSe] shows a 
small hysteresis at 326, 317 K. No thermal spin transition is observed for 
[Fe
III
(5Br-salpet)NCS]. At first sight this result is a rather unexpected, as the Fe
III
 
environment is close to 5Cl-salpet analogous. But structure studies showed that the 
crystal system of spin crossover compounds is monoclinic with the space  
group P21/c whereas [Fe
III
(5Br-salpet)NCS] crystallises in a different monoclinic 
space group Pn. Similar comparisons on dinuclear Fe
II
 compounds have been 






crystallises in the triclinic 
space group P   and shows intramolecular antiferromagnetic coupling between the 
Fe
II
 ions through the bpym bridge without a spin transition. In contrast, 
{[Fe
II
(bpym)(NCSe)2]2(bpym)} exhibits an abrupt spin crossover in the 125 – 115 K 
temperature region with a small hysteresis loop of 2.5 K. Unfortunately, this crystal 
structure has not been solved yet. However, if crystal structures and space groups 
within the salpet family are in agreement, thiocyanate and selenocyanate coligands 
can be beneficial in tuning the spin crossover. 
Investigations on structure properties have been carried out due to the dependence on 
intermolecular interactions and magnetic behaviour. It is noticeable that the crystal 
systems of all spin crossover salpet compounds exhibit a high degree of similarity 
(monoclinic space group P21/c). In contrast, the only low and high spin complexes 
crystallise isostructural in the lower symmetric triclinic space group P  . An 
exception is [Fe
III
(5Br-salpet)NCS] which is high spin and crystallises in the 
monoclinic space group Pn. Moreover, the design of the pentadentate ligand is a 
crucial factor for covalent and non-covalent intermolecular interactions through the 
lattice. The spin crossover compounds develop supramolecular dimers linked by 
rather weak non-covalent N—H--X interactions between the amine group of the 
pentadentate ligand and a neighbouring substituent of X-salpet. This alignment is 
supported by     stacking interactions of the neighbouring complex molecules. 
Based on investigations of spin crossover compounds including various pentadentate 
ligands it seems that the size and number of substituents at the aromatic ring 
influences the possibilities of intermolecular interactions. A comparison of 
[Fe
III
(5X-salpet)NCSe] with X = F (high spin), Cl (293 K) and Br (326, 317 K) 
shows that the electronic influence increases with the size of halogens at the aromatic 
                                                 
2
 a) Real, J. A.; Gaspar, A. B.; Munoz, M. C.; Gütlich, P.; Ksenovontov, V.; Spiering, H. In Spin 
Crossover in Transition Metal Compounds I; 2004; Vol. 1, pp 167–193. b) Real, A.; Zarembowitch, 
J.; Kahn, O.; Solans, X. Inorg. Chem. 1987, 26, 2939. 
a
 bpym: 2,20-bipyrimidine 
Conclusion and Outlook 89 
ring. The correlation between a single and a double substitution is also notably in e.g. 
[Fe
III
(5Cl-salpet)NCSe] (293 K) and [Fe
III
(3,5Cl-salpet)NCSe] (123, 99 K) which 
might be explained by the inductive effect. 
Despite the further development in structure-magnetism relationships of spin 
crossover salpet complexes, the problems are still the crystallisation and its 
correlating entropy. Different crystallisation methods can result in different crystal 
structures with possible guest inclusions such as solvent molecules. Additional, the 
entropy which cannot be predicted correlates with the transition temperature. Further 
structure properties of spin crossover compounds involving pentadentate ligands 
3,5Br-salpet and 3Br5Cl-salpet are still under investigations by the Renz group. 





have been carried out including six pentadentate ligands 5Cl-salpet or 5Br-salpet. 




(5Cl-salpet)}6]Cl2 have been found 





(5Br-salpet)}6]Cl2 is only high spin. Moreover, first results on the 





have been gained by mass spectrometry. Di-, tri-, tetra-, penta- and hexanuclear 
intermediates have been observed already. Further studies on sequential and 
concerted mechanisms (section 4.2) on such multinuclear compounds will be 
performed by the Renz group.  
The second part of this thesis deals with the synthesis and characterisation of two 
rectangular Ni-Fe square complexes. These investigations were inspired by the 
possibility to develop a switchable chiral molecule with optical properties. Within 





 was developed as a building block. The compound 
shows pH-dependent solvatochromism effects due to the fact that the ligand HL1 is 
deprotonable. Crystal structures of the protonated form K[Fe
III
(HL1)(CN)4](H2O)x  
and non-protonated form K2[Fe
III
(L1)(CN)4](MeOH) were obtained. 







(L1)(CN)4](MeOH), as well as [Ni(L2
R/S
)] involving a chiral 




 For both squares ferromagnetic interactions between 
the nickel and iron ions have been observed. The cyanide-bridge geometry of 
                                                 
a
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Ni-N≡C with 104.8° (S-form) and 105.0° (R-form) is unusual and to our knowledge 
the most acute Ni-N≡C angle observed to date. Further investigations on this type of 









2] will be carried out by the Oshio group. 
The development of new polycyano building blocks may be important for the 
generation of novel functional molecular systems. Their research reflects a modern 
trend in molecular materials science. Such systems might find applications in 







                                                 
3
 Newton, G. N.; Nihei, M.; Oshio, H. Eur. J. Inorg. Chem. 2011, 2011 (20), 3031–3042. 
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8.1 Spin Crossover in Iron(III) Complexes with Pentadentate Schiff 
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8.2 Iron(III) Complexes with Pentadentate Schiff-Base Ligands: 
Influence of Crystal Packing Change and Pseudohalido Coligand 
Variations on Spin Crossover 
 








Supplementary Information 99 
8.3 Hysteretic Spin Crossover in a Mononuclear Iron(III) Complex with 




Electronic Supplementary Information 
Details of the magnetic data fitting 
 
Temperature dependence of the magnetic susceptibility has been a subject of the 
fitting to an Ising/like model of spin crossover with vibrations [37] 
In fitting the magnetic data three assumptions have been made. (i) The low-spin state 
of Fe(III) is well described by the Curie-Weiss law enlarged by the temperature-
independent (van Vleck) term. The free parameters are the gL-factor, the Weiss 
constant L, and L. (ii) The same holds true for the high-spin state, however one 
can safely fix gH = 2.0 and omit H and H. (iii) There is nothing like a paramagnetic 
impurity for the Fe(III) complex (as opposite to a frequent situation for Fe(II) ones).  
The fourth assumption postulates a model of the spin crossover. This model contains 
four parameters: (i) the energy difference between LS and HS state eff that is 
proportional to the enthalpy of the spin transition H = Reff; (ii) the solid-state 
cooperativeness J (not to be confused with the exchange coupling constant); (iii) two 
averaged vibrational frequencies (in fact the Einstein modes) that enter the 









        (1) 
with 
eff effexp[ ( ln 2 ) / ]
T
T
f kT r J kT         (2) 
is to be iterated in order to achieve a selfconsistency. The high-spin mole fraction is 
related to an fictitious spin via 





1 exp( / )
1 exp( / )
m







     (3) 
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for 15m   active modes in a hexacoordinate complex, 
Hh  and Lh  averaged 







  . To this end the 
equilibrium constant is calculated as 
H H(1 )K x x   and this is used in generating the 
van’t Hoff plot lnK vs T
-1
. The data fitting has been done using the program MIF 
with the module FIT [40].  
The model can be modified by considering a frozen portion of the HS-fraction 
(equivalent to the fixed paramagnetic impurity xPI). In such a case the gLS is much 
closer to the spin-only value, typically gLS = 2.2 – 2.3. The resulting thermodynamic 
parameters of the spin crossover such as H, S, Tc and  are almost the same.  
Magnetic data for high-spin complexes 
[Fe(3,5-Cl-salpet)(N3)], M = 559.03 g mol
-1 
T/K




























































T = 2.0 K
B = 0.1 T
T = 4.6 K
 
[Fe(3,5-Cl-salpet)(NCS)], M = 575.11 g mol-1 
T/K
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[Fe(3,5-Br-salpet)(NCS)], M = 752.91 g mol-1 
T/K



























































T = 2.0 KB = 0.1 T
T = 4.6 K
 
[Fe(3,5-Br-salpet)(NCSe)], M = 799.80 g mol-1 
T/K



























































T = 2.0 K
B = 0.1 T
T = 4.6 K
 
[Fe(3,5-Br-salpet)(N3)], M = 736.85 g mol
-1 
T/K
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